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TECZDUCAL MEMORANDUM NO. 1200
.

MEMUNMENT OF OIL-FILM PRESSURES IN JOURNAL BEARTNGS

UNDER CONSTANT AND VARIABLE LOADS*

By A. Buske end W. Rold.i

Ih a study of Journal leerings, the measurement of the oil-film
strength produces sme si~if icant information. A new instrument is
descrl%ed by means of which the pressure of the oil film in be~ings
(under constant or alternating load) cem be measured and recorded. With .
this device, the pressure distribution in the lubricating film of a
beering bushing was measured (imder different operating conditlcms on a
~ournel hearing) in the pulsator-beartug-testfngmachine. These tests
are described end discussed in %he present report.

SUMMARY

The first part of the present report describes an Instrument with
which the oil pressure in the lubricating film of ~ournal bearings under
constent and alternating load can be measured end recorded in its time
rate of chenge. Simplicity of design, muallness of size, high rate of
response and point-like test stations make the instr~t suitable for
.the present purpses. The instrumental accuracy was checked by an error
calculation end by comparisons with the DVL glow discharge lamp indicator
end the Zeiss-Ikon quartz indicator.

The second part deels with the actual measurements. The pressure
in the oil film of an erperimentel leering loaded In the DVZ pulsator-
%earing-testing machine was investigated as to its local distribution
and its the rate of change unde,rvemious operating conditions. The
results, represented in diagrams, give a comprehensive view of the
pressure distribution along, end transverse to, the directhn of rotatim.
From the recorded diagrams the time-phase displacement of the meximum
pressures at the severel test points was determined and the shaft motion
deduced. The oil film pressure measurements enable, further, the load
capacity Mmit of the bearing at which the fluld friction chsnges to
semifluid frtction to be identified. = the continuation of the experi-
ments the tests should include, aside from constructive influences of
the bearing desi~, a more accurate investigation of the lubricating
oil properties.

*nMessung des Olfilmdruckes in rtiend- und wechselnd belasteten
Gleitlagern.” Jahrbuch 1937 der deutschen Luftfahrtforschung,
pp. II 67 - II 78.
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THE MEASURING E@IHIENT

(a) Test Method ‘

The ma~ority of bearing investigations conducted so far deal with
constant loads (references 1 to 5), while those made under altezmating
loads are usually limlted to measurements of the oil flow between bearing
and shaft amd to temperature determinations (reference 6), and disregard
the identification of the pressure variation 3n the oil film and the
measurement of the shaft displacement.

The present task involved the design of a device with which the
pressure in the oil film of bearings could be measured under canstant
and alternating loads.

Such a device must meet the following conditions:

(1) The oil film must not be disturbed at the point ofmemmxrement;
hence, the beartig surface shell imnifest no depression or elevation at
that pofit. In addition, no oil must enter or leave at the point of
measurement, as that would falsify the test data.

(2) The superficial.extent of the point of measurement shall.%e
held to a mhimum, so that the film pressure is measured at one certain
point only.

(3) The device must be small and easy to attach to the bushing
so as to pmmit the use of several such devices on the experimental
bearing for the study of the local pressure distributicm in the fflm
and Insure their application in restricted space.

(4) The device must be suitable for dependat.)lemeasurement of
rapidly verying film pressure, of the maximum pressure under alternating
load and for the recording of time-pressure curves The pickup mur3t
therefore have a high rate of response.

The problem was solved with a device which operates on the back
pressure principle so successfully employed on the DVL glow discharge
lamp (references 7 and 8).

The apparatus consists essentially of a small pistcm moving between
two stops, one side of the pfston being acted on by the oil film pressure,
the other by the adjustable back pressure. If the pressure in the oil
film predominates, the piston closes a contact which causes the glow-
discharge hllp to li@t Up. The Wrning periods of the ?smp are photo-
graphically recorded as dashes In abscissa direction on paper revolving
at shaft speed. The back pressure controls, at the same time, a
rotating mirror which determines the position of these dashes in
direction of the ordinate.
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The metihd.is suitable only
variations; however, quite apext

for recording strictly periodic pressure
from its simplicity compered to other

methods (such as elec~ic indication Tfithqua-tizor-ca&n plate column,
mechanical indication by scratch record, for example), its essential
advantage lies b its insusceptibility to temperature variations end
mldmum ,leakagelosses since the back pressure (oil pressure) is equal
to the film pressure at the Instsnt of measurement. The limitation of
the applicability to periodic processes i.ssecondary for the present
purposes.

.

(h) Description of the Dmtrum=t

1. Pickup.- The pickup is represented sectionalized in figure 1.
It consists of the main Imd.y g threaded into the bearing shell so that
the tubular piston guide sni the frontal surface of the piston me flush
with the bearing surface. The measuring piston k housed in Imdy g
has a diameter of 1 millimeter and weighs but 0.16 grem. OwY.ngto these
small dlmensims of the piston the oil film pressure is actually determined
at points. The cylindrical head of the piston, which is fitted with a
support of contact metal and serves as stop for the piston stroke, is
slightly backed off end milled so that the back pressure prevailing
inside of the main body g admits only the actual l-millimeter piston
area. The tube r serves as fixed countercontact and for the supply of
the back pressure produced by oil under pressure from a msnometer-
calibration prep. The tube r Is electrically insulated hy Pertinax
plates and tube p from the main body which is grounded. The whole
unit is held together by cap screw m. The piston can move lack end
forth for 0.02 to 0.1 ~llimeter, depending upon the setting of the insu-
lating plates. Since the film pressure acts from the outside and.the hack
pressure from the inside on the same pist= area, the piston closes the
ccmtact as long as the film pressure is higher then the back pressure.
If the back pressure is higher, the contact opens. At the mo~-nt of
stitching, the two pressures are equal up to a very small difference
caused by piston friction and the subsequently discussed “acceleration
error,” so that, at the instant of actu~ measurement, no oil leaves
or enters the bearing through the piston slot; hence, the oil film is
not affected. The outside diameter of the entire pickup is only
8 millimeters, so that it is easily mounted in l~ted space. Figure 2
shows the pickup exploded, assembled, and installed in a bearing shell.

In prelimina~ tests with several pickups, the piston on which the
$ilm pressure acts was attached to a diaphramou which the back pressure
was to act, but such pickups exhibited considerable hysteresis, which
was probably induced by the diaphragm restraint. Attempts with a
partially cut-out diaphra~ and with two very thin diaphragms were like-
wise unsatisfactory, so the diaphragm-controlled piston was finally
abandoned in favor of the freely moving piston without restoring force.
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2. The indicating mecha.nism.- A simple glow discharge lamp was used
to indicate the oil-fib pressure in hearings under constant load end.to
establish the extreme pressure of the oil film at the test point in bearings

.

variable under alternating loads, the back pressure being raised by means
of the hexd pump (fig. 3 ) until the glow discharge lamp ceased to light
up, and the pressure was read at that instant on the memxaeter.

The time-pressure diagrams were taken with the recording apparatus
of the DVL indicator, the fundamental.design of which is seen from
figure 3. The light of the point-glow discharge lsnp controlled ?)ythe
pickup falls across a rotating mirror through a copying lens on photo-
gra~hic paper wound on a cyltider and synchronized with the process that
is to be recorded. The rotating mirror is controlled hy a tu’bularspring
loaded by the baok pressure and effectuates the focusing of the luminous
point on the photographic paper in direction of the ordinates of the
diagram.

For many tests, a small glow discharge lamp rotating with the
alternating load freq.uencyis also very suitable as indicating device.
This glow discharge lamp describes a luminous arc for the eye of the
observer, which becomes continuously shorter with increasing back
pressure until finslly only a very short light flash occurs. The lamp
revolves In front of a graduated scale, thus affording a particularly
easy determination of the phase position of the maximum pressure. Since
the point-glow-discharge lamp of the recording device end the small
glow-discharge 1- for the phase indicatmr have fairly high ignition
voltage, some dif’ficulties were encountered at first with the picknp
contacts which became overcharged, fouled quickly as a result of
carbonized oil, and then formed pemanent contact. This was remedied
by the tube hookup, figure 4, where the pickup contact has to connect
only the grid cut-off bias (3O to 70 volts) and is not charged by
current at W.

The test range of the descriled.devi.cesis up to 600-a~sphere
positive pressure.

3. Errors.- Since the piston does not run without friction, there
is a “frictional error” whose magnitude over the entire test range was
statically determined at about fi.~ atmosphere in a calibration setup.
Since the oil-film pressures to be measured are of the order of magnitude
of 200 atmospheres and more, this error is of no @ortance.

A second error termed “acceleration error” is due to the fact that
the piston must travel a finite path for which it requires a certain
time. As a result, there is an indicator time lag, hence, a distortion
of the diagram in the positive direction of the’time axis and also a
suppression of the indication of very briefly acting extreme pressures.
In order to gage the magnitude of this error, some rough calculations

■
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were made while disregarding the,damping of the piston motion
surrounding Oil. Table I shows for a 0.16g piston weight and
piston travel, which represents a mxinmm value, the time (in

5

by the
a O.1-millimeter
10-3 ~eco~s

and in degree-angles at 1000 rpm) which the yis%n requires to traverse
the feed path for various amounts of difference between oil-film pressure
and back pressure.

T.AELEI.- SWITCHINGON PERIOD

AP Angular degrees at
atmosphere

s x 10-3
n. 1000 rpm

0.5 0.9 5.4
1 0.64 3“9

0.45 2.7
; 0.285 1.7

10 0.202 1.2
100 0.064 0.39

Soj whether a short-period pressure peak is Still idicated by the
apparatus depends upon the duration as well as on the height of the
pressure peaic.
of 0.64 X 10-3
pressure ~eaks
The distortion
10 atmospheres
figure 5. The
of
on

be
of
is

the wave is

Acc&ding to this table, for instance, ‘p&sure peaks
duration are indicated with an error of 1 atmosphere and
of 0.2 x 10-3 duration with an error of 10 atmospheres.
of the diagram of an ideal rectangular pressure wave of
height and 3 x 10-3 seconds duration is represented in
wave front is rounded at the upper edge. The sloping back
probably less changed because the contact itself interrupts

opening at the beg~g of the opening process.

Inasmuch as the piston actually moves in oil, the distortions will.
even a little greater, but it must be borne in mind that the viscosity
the oil at the operating te~eratures of the beaing (600 to 120° C)
no longer high snd that the form”of the contact and of the piston head

had been so cho=en that only small quantities of oil are invol~ed.

For a practical test of the reliability of the reading of the’oil-
pressure gage, a comparison was made with the DVL @ow discharge lamp
iqdicator and with the Zeiss-IIronquartz indicator in such a w that !
oil-pressure diagrams in the worldng cylinder of a pulsator were recorded
with all three instruments. The pulsator operated at 330 and 1000 rpm;
the extreme pressures ranged at about 70 aimmspheres. Higher cylinder
pressures and speeds were not obtainable with ~e.pulsator. Height and
form of the diagrsms were found to be practically alike for &ll three
indicators.
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Occasicmally, the measuring piston,had a tendency to stick during
operation. Since this was due in”part to foreign bodies, a thorou@
cleaning of the oil is a prerequisite for the success of the measurements.
The oil grooves on the piston for better sealing lubrication proved
satisfactory. Some of the instruments lasted for more than 50 hours of
operations without breakdown.

T!ESTSAND RESULTS OFIIE~S

(a) Description of Experimental Setup .

The tests were run on a pulsator of the Losenhausen Works, which
was installed in the DKL as %earing test rig (fig. 6). The ends of the
experimental shaft were supported on roller bearings, the housings of
which were attached to the machine bed. The split test bearing is mounted
letween the two roller bearings. The test bearing can be pressed from
below with a constant load against the shaft by means of a worm gear,

spindle, helical spring, and guide piston. The compression of the spring
is a measure for the applied force. The hydraulic pressure of a control-
lable constant pressure pump from above acts on the bearing body. An
alternating load cad be superimposed on this constsnt pressure by a
variable-stroke piston pump, The hydraulic load is indicated strobo-
metrical.lyby a rotary pistcm on a maximum and minimum pressure gage.
By means of this equipment, sinusoidal load reversels up to 36.5 tons
load deflection, eccentric load reversals at the upper brass of from O
to 13 tons, and constant load at the upper or lower brass up to 15 tons
can %e produced. Moreover, ccmstant end alternating loads can be
superimposed. Load frequency and shaft speed are rigidly coupled hy
a 1:1 or 1:2 gear, thus insuring one or two shaft revolutions during
a load reversal. The numler of load reverssls is ad,juste.’blefrom750
to 2200 per minute.

The entire experimental setup is represented in figure 12. In the
foreground, at the left, is the lack-pressure oil pump with the manometer
and the glow discharge lamp for the extreme presmre measurement. A
distributor mounted at the pump contains the connections individually
closeahle by needle velves for the pressure instruments and the dlagrem-
recording apparatus. 011 limes, electrically Insulated at the distributor
and covered throughout tith insulattig tubing, lead from these connections
to the individuellpressure tistruments in the test besring The diagr~
recorder cannot be seen as It is mounted at the back of the pulsator
and rotates with the crankshaft of the alternating load pickup (compare
fig. 6). The temperature of the test bearing snd of the roller bearings
is conttiuously recorded by a six-color recorder. .

.
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(b) Preliminary tests

In the prelimi~ tests, lead, bronze, and white metal bearings
were used, the pressure pickup being mounted in the center of the upper
brass (fig. 2). These tests served primarily to check the practical
utility of the instrument, although they al-soproduced some interesting
resuits. On one graphitized white metal bearing (No. 54) of T7-millimeter
diametar, the extreme pressures shown plotted againirtthe bearing load
In figure 7 were measured in the center of the upper brass and disclosed
extrame pressures in the oil film up to 515 kilograms per centimeter
at that point. The shaft speed was 735 rpm, the number of load reversals
the ssme. The bearing load is expressed as amplitude of the alternating
load In tons and as msximum surface pressure referred to the pro~ected
bearing surface .

maximum load P
p = bearing diameter d x bearing width Z

The values represented in the upper line were obtained at constant speed,
735 rpm, and variable load. The temperatures in the upper brass varied
from t = 530 C atfl ton load to t = 7P C atk6 tons load. The
values of the lower line were recorded at constant tempemture t = 80° C
for different loads, the rpm being varied so that the temperature of the
brass remained constant. The extreme pressure occurring at the test
point in the bearing vertex is, in both cases, approximately proportional
to the bsaring load. The lubricating oil.used in this test was Stanavo 140;
b all subsequent tests, Aero Shell medium.

On a lead-bronze bearing (No. 5) with 7’jj-mi~h.eterdiameter and
0.0k5-millimeter radial clearance (difference in radius between bearing
and shaft) the extreme pressure curves, shown plotted against the sliding

~speed (r-pm for different alternating bearing loads in figure 8, were
recorded. These values indicate that the prassure at the test point
remains fairly constant even at variable sliding speed. The result
therefore leads one to suspect that the location of the extreme oil-film
pressure, which lies in direction of rotation behind the u~per brass
center, shifts a little under sinmltaneous variations of speed and nwiber
of load reversals. This suspicion was confirmed by the subsequently
described principal.tests.

(c) Principal Tests

1. The experimental beari~.- The principal.tests for the determination
of the oil-pressure distribution were made on a white mat.slbearing WM 80.
Its diameter was 75 millhters; its effective width, 45 millimeters; the
radial installation-bearing clearmce} 0~025 ~lli~~rs (difference in
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radius). The thickness of the supporting she~ was 4 millimeters. The
pouring thickness was 1 millimeter. The final machining of the bearing
was effected on a fine-drill press. The beming was not scraped again
after running-in. The supetiinlsh was not given until after the
22 pressure recorders, with which the learing was equipped, had been
installed. The bearing brass was never removed during the whole test
period in order to avoid any subsequent stresses. The bearing had no
oil grooves. Seen frm the front the oil was fed near the right $oint,
which, at the same time, was widened out to a small oil pocket. The
rotating was counterclockwise, so that the oil reached the up~r brass
first, then the lower brass. The phaft was of tipp EFD 70 steel with
119 to 125 kilogrsms per mi3.1.imeter2tensile strength. Figure 9
represents the upper brass with the 22 test instruments, along with the
thermocouple for measuring the shell temperature snd the housing of the
upper brass with the opezxtngsfor the test instruments. Figures 10,
10a, and 11 represent two views of the experimental bearing, a diagram
of the upper brass with the arrangement of the test stations, and the
upper part in assembled conditiun after a 50-hour running pertod. Figure 12
is a view of the emtire setup. In this experimental beering the pressure
distribution in the oil film of the upper brass was measured at
various loads, &peeds, end rotatimel directions.

●

.-

2. Test results under constant load.- In the constant load teats, the
oil-film pressure at the several test mints was detemined with the @.ow

.

discharge hUp. The pressure vsriation in the oil film over one revolution
was not recorded in this test, since, under constant load, the pressure in
the oil film for the same place remains constantwith respect to time.

Fmm these recorded values, the extreme pressure domes can be
represented either as mdel over the developed beartig shell or in form
of a family of curves from cross sections md radial sections. The
results at constant load ere plotted in figures 19 to 19e. Figure 19
represents the pressure distribution ‘overthe width of the besring for
different radial.sections at 780 rpm and P = 3 tons constant load,

P
equivalent to a surface pressure p = — of @ kilograms per centimeter.

dxl
The curves are of parabolic form. The plotting of these and corresponding
curves from other tests at logarithmic scele gives the exponent of the curves
with 1.9 to 2.2 (reference 1). Figure 19d shows the pressure variation
plotted against the developed bearing circumference of the loaded shell. It
shows how the bearing pressure rises in direction of rotaticm, reaches the
extreme value shortly aft of the center, and then drops very steeply.

For further interpretaticm of the test data, the radial section curves
were plmimetered and aR average extreme pressure in the radial section (~)
computed from it and included in figure 19. If these pm values are plotted .
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as radial rays against a section of the tearing (figure 19a), it results
in a representation from which the strycture of the pressure peak
averaged over the %esring width is readily apparent in the coordimte
of the direction of rotation. It should he noted that, for parabolic
pressure distribution over the hearing width, the pressure occurring
in the center of the bearing shell is in proportion of 3:2 to the
pressure averaged over the bearing width. To obtain the pressure in
the average cross section from the pm curves of figures 19a and 19c
the momentary pm values must be multipliedby 3/2.

. From we pm curves, the oil-film pressure ~ acting on the ~haft
in load direction can be obtained.in simple manner. The radially plotted
pm lengths are decomposed in vertical and horizontal components, the
vertical components plotted against the development of the bearing
circumference of the upper ‘brass(fige 19b) and the resultant area
planimetered. Dividing the obtained area by the dismeter of the bearing
leaves the value ~ referred to the bearing surface d x Z. In
completely fluid friction, the value ~ should correspond with

P
P=—”dxZ

The measurements of the present test gave Pv = 92 kilograms

per centimeter, while p = 89 kilograms per centimeter. This close
agreement is at the same time a satisfactory check on the performed
measurements.

In figure 19c the horizontal components of the radial pressure
are plotted against the circumference of the bearing. The sum of the
forces in this direction are practically equal to zero.

The values represented in figure 19c, which am stilar to those
in figure 19a, were taken at constant loads of 5 and 6 tons, hence,
correspond to an average surface loading of p = 148 kilograms per
centimeter and 178 kilograms per centimeter. The sumation of the
vertical components of the measured oil-film pressures indicated also
a close agreement of the p and ~ values.

During the recording of the oil-film pressures at constant load
with the glow discharge lamp, it was noticed, occasionally, that the
pressures were not constmt, but varied by severs2 atmospheres at a
frequncy of around 4 seconds-l. The inference from it is that the
shaft performs a vibrating motion even under constant load. It might
be assumed that these vibrations are introduced by self-excited
fluctuations in the structure of the oil film (compare reference 5).

3. Test results for alternatim load.- In these tests, the maximum
pressure at the several test points was usually determined also with
the @.ow discharge lamp and the test values plotte& in radial and cross-
section diagrams (figs. 13 smd 14). The exponent of the parabolic radial- ‘
section curves for alternating load was averaged at 1.8 to 2.2j that is}
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equel 2. This result agrees with that by C%m%el-Everling (reference 9,
page 54, equation 46) on the theoretical pressure dlstributim over the
beartig width. Ih meny of the tests, the radial-section curves indicated
profound dissymmetries (fig. 15) as a consequence of inaccurate mounting,
thereby causing the shaft to tilt or cant in the bearing, which was,
however, so minute that it could not be identified from starting traces
on the surface 01’the bearing. The dissymmetry of the radial section
curves of figure 15 was easily remedied hy appropriate layers of paper
under the roller bearing blocks supporting the shaft of the test leering.
By this method, a very accurate axially parsllel setting of s@ft and
shell was insured. For example, the effect of a 0.025-millimeter-thickpaper
shim under a roller bea&ing could still be distinctly identified.
Extrapolating the inclined setting of the shaft by a shtm of this thickness,
while bearing in mind the roller bearing spacing, to the width of the
test %earing, gives a 0.006-millimeter Inclined shaft setting referred .
to total %earing width.

For a simpler and more comprehensive representation of the pressure
distribution over the circumference of the bearing, the extreme pressures
~ averaged over the bearing tidth were again determined from the radisl-
section curves and plotted against the cross section of the bearing as
radial rays. Figures 1.6, 17, and 18 illustrate such recofis for various
loads, speeds, an~ rotational.directions. The actusl extreme pressures
in the central cross section of the bearing are here also 3/2 times
higher than the corresponding ~ values.

Figure 16 represents the extreme pressures averaged over the bearing
‘width at varyfng alternating loads of fromti tons to ~1 ton as well as
at vaniehlngly small load which could no longer be accurately determined
with the test equipment of the pulsator. Speed and nmber of load
reversals were kept constant in this test series (770 rpm). Figure 17
shows three corresponding diagrems for constant alternating load emd
varying shaft rpn and load reversals (1:1). On cmrparfng the load
curves for various speeds, it is found that rise and fall of the pressure
dame are so much more rapid as the number of revolutions and load reversals
are higjher. Because the oil temperatures rose with increasing speed, the
oil viscosity itself decreased with increasing speed, so that the steeper
rfsing and felling fomn of the extreme pressure dome is proba%ly less
due to the direct speed effect than to the lower viscosity and the
reduced lubricating slit. For the separation of the individual influences
of speed, nuder of load reversals, end vfscosity, additional tests are
necessary.

The averaged extreme pressure domes of figures 1% and 18b, taken at
different direction of rotation of the shaft but equal load and speed,
are almost identical. Minor discrepancies are presumably attributable
to the ovalization of the %earing end the shaft; besides, the oil inlet
remained at the sme plaoe and was not shifted in the other joint on
reversal of the direction of rotation. In the test In op~site direction

,
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of rotation (fig. 18b), the oil first enters the lower brass and then
the upper brass where the test points are located. Curve 18b therefore
stats with a pressure value O and ends, viewed In direction of
rotation, with the value of the feed pressure of the lubricating oil
feed, while all diagreme h normal directicm of rotaticm start with
this feed pressure and, at the end, decrease to around zero.

A comparison of the average oil-film pressure ~ acting vertically
P

on the sheft with the applied average surface load p = —
dxl

proved

the pv values in all tests at alternating load to be from 10 to 12 higher
than in the test at constant load. Stice, with fltid friction and
shnil.taneousappearance of the extreme pressures at all test points at
the instant of msximum load applicaticm at the bearing, the value ~
must be equ&l to the velue p, while at semifluid friction (where,
aside from the oil film, the metal surfaces in direct contact are also
contributing,) only lower values for pv than for p ere to be expected;
the only likely cause for the two hi@ ~ values appesred to be a
ttie-phase displacement of the extreme pressures h the oil film.

This was confirmed by the time-pressure diagrsms taken at each
test point. Figures 20 end 21 represent seversl such diagrams obtained
at P = 33 tons alternating load (p = @ kllogrsms per centimeter+),
770 rpm and 1:1 gesr ratio. The phase shift is readily apparent h a
comparison of the different diagrams. The evaluation of these pressure
records afforded the curve I of figure 22, where the time-phase displace-
ment of the extreme pressures at the individual test points is indicated
with respect to the tistsnt of meximum load acting at the bearing (an@e
in de~ees refened to a complete loqd cycle).

While the apparent phase differences are not very great, especially
in the area of the very hi@ly loaded test points, they are still
sufficient to explain the differences between p end pv. The phase
displacement is attributable to the motion of the sheft in the bearing
by which the location of the minimum film thiclmess is displaced during
a load alternation. Since no eaui~nt for recording the shaft motion
in the bearing was available, certain deductions frczufigure 22 must
suffice for the time being. At stsrt of the loading of the upper brass,
the minimum film thickness is presumably nesr the test points 20 to 22
(figure 23). As the load increases, it travels over test points 15, M.,
and 7, which it reaches late with respect to the moment of -immn load.
In consequence, the shaft center moves probably fairly rapidly toward
test point 1. This process is repeated in the lower brass. Such a
motim of the center shaft on en approximately obliquely lying ellipse
or on en open figure of ei@t relative to the direction of shaft rotation
would explain the phase shifts and several.peculiarities of the forms in
figures 20 and 21. Thus, the expreme pressure in the oil fflm occurred
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at the test points 20 to 22 about 50° angle shaft rotation ahead of the
indmnt of outwardly applied maxhum load on the bearing (compare
instrument 21, figure 21). Moreover, the diagrams were very short.
The maximum pressure in the oil film at these test points Is mainly
caused hy the passage of the narrowest bearing clearance at start of the
load reversal process, while, at the instant of maxtium load, these test
points lie already considerably behind the minimum film thiclmess end.
have only a rather low pressure at this fnstant. For test points 17 to 19,
the lead of the extreme oil-film pressure over the maximum load is no more
than about 35°. At test points 13 to 16, the effects of the gradually
widened slit and the increasing load of longer perld neutralize each
other so that the diagrems obtain an elongated form flattened at the top,
while at test points 10 to 12, the minimum film thiclmess and, hence, the
extreme press~e elready occurs distinctly late (instruments 15 and 11,
figure 21); at the instant of maxfmum load.the mlnimmn film thickness
should accofiin~y lie between points 13 to 16 and 10 to 12. The rapid
decrease of the diagram from Instrument 11 is attrilnztalleto the decrease
in load with contemporary junping of the shaft toward test point 1, hence,
where two pressure reducing effects ere additfve. At test points 3 tO 9,
the maximum pressure in the oil film fs practicedly simultaneous with the
maxtium load, whtch is indicative of the fact that the shaft in Its motion

●

misses these test points, so to speak, hence that no substemthl. slit
contractions occur here and that the maximum presswee in the oil film .
are principally dependent upon the bearing load only (instrmn=mts 5 anff7,
figme 20). The di~ams of test points 1 and 2, which disclose two
peaks, can then be explained such that the first peaks, which approximately
appear at the instant of meximum load, are caused by the maximum load, and
the second peaks, established 80° and 90° after maximum load, we due to
the shaft displacement (instrument 1, figure 20).

.

From these considerations it was attempted, in figure 22, to iden-
tify curve II, the probable momentary pos’itioaof the tiimum film thick-
ness in the bearing shell as phase displacement with respect.to the instant
of maximum load acting on the bearing from the outside. The entry of the
minimum film thickness in the upper brass occurs accordingly alout 70°
ahead of the maximum load at the Joint lying to the rear in direction of
rotation. By the time the maximum film pressure for test points 20 to 22
appears (approximately 50° before msximum load), the minimum film thickness
itself will be at this place. At the instant of maxfmum load, the minimum
film thickness should be between test points 13 to 16 and 10 to 12 and
80° and 90°, respectively, after maximuu load reach test points 1 and 2
(at the appearance of the second maximum in the oil film pressure diagram).
About 110° after the moment of maximum load, the minimum film thickness
would leave the upper brass. The entire stay of the minimum film thickness
in the upper brass would then extend to 180° shaft rotation an@es and
repeat itself correspondingly in the lower brass.
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A form similar to that of the shaft motion deduced in figure 23 is
obtained when proceeding from the theoretical semicircular path of the
shaft center at slowly increasing load (steady). It likewise gives an
obliquely placed ellipsoidal path or em open figure ei@t as shaft
center path for alternating load. However, this supposition requires
exact experimental proof. For very hl~ loads at incipient semifluid
friction the conditions are different, as will be explained later.

A comparison of the test data at constant and alternating load
indicates a smoother rise and fell of the pressure curves in the cross-
sectional representation for constant load. This is entirely logical,
since at constant load the pressure is solely built up by the rotation
of the shaft sad the effects of the shaft motion under alternating load
do not exist.

4. TransitIon to semifltid friction under alternatin~ lo.ad.-
According to figures 16 end 17, the location of the absolute maximwn
pressure appears, for the first, to be little affected by the speed
end load. It remains at abaut the same place on the circumference near
test instrument 11, 16° %ehind the bearing vertex, so long as the
bearing load does not exceed,a certain limit value, which, at 770 rpn,

“ lies at about ~6 tons on the explored beering. If the load is Increased
further the shape of the pressure dome fs radically changed. b
figure 24 the cross-section curves through the averaged meX.mum pressure

dome are represented at*5 ton, +6 ton, ‘7 tcm and ~~ ~
-y.4

ton loads for
.

77’5rIXU. (In the last two tests, the upper end lower brass could not
be loaded fdentlcally, because of inadequate pulsator equipnent. For
this reason, only the upper brass was subjected to a 7 and 8 ton
maximum load, slthou@ this should alter the results very little).

At lode abo~e 6 tons, the peak of the pressure dome travels h
direction of instruments 4 end 5, which are located h front of the
bearing center (74° at circumference of bearing). This phenomenon
can be explained by the appearance of semifluid frictfon at the high
loads, where shaft and bearing’(with their surface rou@ness) come in
contact with each other. The result is a rolling-down motion of the
shaft h the bearing opposite to the direction of rotatian, through
which the narrowest beering sl.ftthen appears before the bmring center.
Simultaneously, the height of the pressure droneat increased load
beyond the limiting load for fluid friction does no longer increase
in proportion to the load increase, because then forces are tr~s-
mitted by the direct contact of shaft and %earing. ‘IMisnaturslly
changes the path of the shaft center of figure 23 considerably. It
would have to assume a form for.which the narrowest slot in contrast

. to that shown in figure 23 is shifted from the vertical toward the
right end upward.

1

.
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For the Load still permissible at the %oundary between fluid and
semifluid friction, E. Schneider (reference 2) has quoted a minimum

value for the expression ~ with respect to the corresponding

bearing clearance R-r
— end the %saring diameter d, below which it

r
must not fall, to avoid disturbances (~ = viscosity). Applying this

relation as a check on the present test data for 777 rpm (figure 24),
gi.ve~,in accord with the result achievedby the oil film ~rassure
measurement, a load limit of about p = 180 kilograms per centimeter
for fluid friction. The same characteristic mrlation of the
pressure dome Occurs+&lo at higher speed (2000 rpm) and corresponding

(

+7.5
load -5 ~ tons and

)
-515 tons according to figure 25. The fact that..

the load capacity of the oil fib is not greater than in the previous
tests despite the higher speed is also likely to be due to the higher
tem~erature snd the concomitant lower viscosity of the oil (reference10).

A comparison of the ~ values for an 8-ton bearing load at 775 and

2000 -, ~ to be insex%ed in corres~ondencewith the p%rticulsr
temperatures (75 or 1100), indicates that the product 7 x n at both
speeds is practically the same. Thus the measurement of the oil film
pressure dome of a bearing at progressively increasing constant or
alternating load is a practical means for the determination of the
load limit, where fluid friction changes to semtfluid friction.

On the bsarings tested so far on the pulsatar test rig for fatigue
strength, the destructive phenomena (crumbling,porosity, and cracks)
usually appeared first behind the bearing vertex in the area of test
station Xl. These bearings ren therefore probably for the most part
in the zone .offluid friction. The high alternating oil pressure
resulted in fatigue and consequent crushing of the material.

(d) Scope of tests - application of results *

The present experiments, made primari~ within the framework of
testing sn oil film pressure apparatus, indicate that even this single
test equipment effords a close insight into all the details of the oil
fib formation in the journal bearing. It was found to be absolutely
necessary to record the motion of the shett center in the bsaring
accurately, because the motion processes deduced from the pressure
measurements can give only an approximate picture of the actual setting
of the shaft. On top of that, the behavior of the oil film at tran-
sition to high loads must also be accurately followed up. At the
higlheatoil fikn pressures of 600 atmospheres recorded in the test
%earing, the relationship of oil viscosity and pressure established
by Kiessalt (referencesXl, 12, and 13) as well as the &ynamic viscosity
of thin lubricating films ascertained by JLmopoulos (references14

.

.
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and 15) are no longer
for the emhation of

15

negligible smd must be taken into consideration
the load capacity of the %earing.

Along with the present pressure recording a nuniherof insulation
measurements by oscillograph were conducted letween bearing shell and
shaft, although It was found that this method alone was insufficient
for an acceptable prediction of the transition from fluid to sami-
fluid friction. In many instances very minute metal particles in the
oil or the touching of a few tiny surface particles, which practically
can hava no effect on the load capacity of the hearing, were sufficient
to sbost cause a short circuit _betweenbaring snd shsft. In any case,
the limit of the load capacity of an oil film csnbe more definitely
established by measuring the oil film pressure, =d in certain conditions
the same method might even le utilized for the evaluation of.lubricating
oils in Iractical operation.

The destructive phenomena such as cracking or beccmdng porous
o%served in the srea of maximum oil film pressure at fluid friction
make it seem likely that perhaps the pulsating oil pressure itself,
which acts on a %e@.ng metal surface, can ’createsuch surface des&uc-
tions even without supervenient friction, bending strasses, snd so forth.
Proba%ly the oil, which has penetrated the fine pores of the metsl,
increases and decreases its volume continuously during the repeated
pressure variations, which ware measured up to 600 almospheras, and thus
wear down tha structure from within.

Translated by J. Vanier
National Advisory Committee
for Aeronautics
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Figure l.- Pickup for oil film pressure recording device.
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Figure 2.- Pickup for oil film pressure recording device showing exploded
view, assembled and mounted in bearing shell.
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Figure 3.- Indicating equipment for oil film pressure recording device.

Figure 4.- Wiring diagram fortheglow-dischargelamp.
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Figure 7.- Maxirnum pressuxein oilfilm,meafired inthevertexofthe
graphitizedwhitemetal bearingNo. 54.

Shaft: Krupp EFD 70 No. 3
Lubricant: Stanovo140
Radialbearingclearance0.04(mm ) radiidifference
Gear ratio: loadreversal: rpm = 1:1
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Fadialclearance0.045-mm * &Hererce
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Figuxe 90- Experimental bushing and bearing housing.
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Figure 10.- Dimensions

238

LOwer brass

of test bearing.

22 ,

Figure 10a.- Positionand identificationoftestpointsinthedevelopment ofthe
upper brass.
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.
Figure 11.- Upper partoftestbearingafter50 hours ofoperation.
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Figure 12. - View of entire experimental setup,
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Figure 13. - Maximum oil film pressure plotted against the developed bearing
circumference of the upper brass for the different cross sections of
figure 14.

Figure 14. - Radial cuts through the m-mum pressure dome below the
circumferential angles of 14°, 34°, 54°, 74°, 90°, 106°, 126°, 146°,
and 166°.

White metal bearing No. 06
Oil pump pressure: 8 atmospheres
Speed: 760 rpm
Gear ratio 1:1
Load * 3 tons (p = 89 kg/cm2)
Temperature t = 70° C .

I

t

.
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Width of beorhg

Figure 15. - Radial cuts through the maximum pressure dome at inclined
position of shaft in bearing.

Oil pump pressure 6 atmospheres
Speed: 800 rpm
Gear ratio: 1:1
Load ~ 3 tons (p = 89 kg/cm2)
Temperature t = 70° C

Figure 16. - Bearing cross section Figure 17. - Bearing cross section
with maximum pressures pm for load ~ 3 ton (p = 8SI kg/cmZ )

averaged over the bearing width
for difEerent loads at 770 rpm.

■

—.
at different rpm.
Oil feed pressure: 6 atmospheres
Gear ratio: 1:1
Room temperature: 23° C
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Figure18.-

/’

Bearing cross section with m~mum pressure pm averaged over bearingwidthfor&Herent

direction of rotation at equal load and speed.
w
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Figure19.- Radialcub ormal tobearingwidthin
8thedue 14°, 34°, 54 , ‘74°, ‘iX)O, 106°, 126°,

1466, 166° of the karhg circumference; oil feed

pressure 6 atmospheres.

‘

Figure 19a.- E?earingcrosss=tion withfilm
pressure pm averagedoverkaring width,
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Figure 19b.- Verticalcomponents of the film

pressure pm averaged over the baring

width plotted agtit the developed upper

brass.

Figure 19c.- Bearing cross section withoilm
pressure pm averagedover bearingwidth

for various constant loads at constant speed of

760 rpm; gear ratio: 1:1, room temperature =

21° C, oil feed pressure = 6 atmospheres.
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o&2° 0

Developemenf of up~r brass (degree on@e)

Figure 19d. - Oil film pressure variation plotted against the developed bearing
circumference of the upper brass for various cross sections of figure 19. -

1
0° 7+” 54” 3P 1+”o“

~ cihcumfere~e of baw-hg

Figure 19e. - IIorizontal components of the radial pressures of figure 19a.
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Figure 20a. - Instruent
P~~ -14.5 atm.

Weak spring record.

I

1. b.- Instrument 5. c.- Instrument 7.
P - 180 atm. Pm= * 185 atm.

max
Strong spring record.
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Figure 21a. - E&rument 11. b.- mtrument 45. C.- ~J;yyjjm21.
Pm - 220 atm. P~ - 80 atm. Pm= g “

Weak spring record.

Figure 20 and 21. - Pressure variation in oil film over 1 revolution at the
various test points.

Load ~ 3 tons ~dial clearance 0,025mm
Load reversal 1/770 rpm Oil pressure 6 atmospheres
Gear ratio 1:1 Oil consumption 3.3 2/h
Bearing shell temperature 71° C
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v Bearing circumfe~nce + o
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Figure 22 I.- Time-phase displacement of maximum film pressures plotted
against the instant of the maximum load acting on the bearing from the
outside.

n.- Setting with respect to time of the narrowest lubricating slit in
‘the upper brass as phase displacement plotted against the instant of the
maximum load acting on the bearing.
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Figure 23.- Orbitoftheshaftcenter. .
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Figure 24. - Bearing cross section with
pm averaged over beari@ width for

several alternating loads at constant
speed = 775 rpm (transition from
fluid to semifluid friction) gear
ratio 1:1, room tetiperature 22° C,
oil feed pressure 6 atmospheres.

Figure 25. - Bearing cross section with
pm averaged over bearing width for

various loads at constant speed.
= 2000 rpm; gear ratio 1:1, room

~emperature 24 C.
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